A radome is an integral part of almost every antenna system, protecting antennas and antenna electronics from hostile exterior conditions (humidity, heat, cold, etc.) and nearby personnel from rotating mechanical parts of antennas and streamlining antennas to reduce aerodynamic drag and to conceal antennas from public view. Metamaterials are artificial materials with a great potential for antenna design, and many studies explore applications of metamaterials to antennas but just a few to the design of radomes. This paper discusses the possibilities that metamaterials open up in the design of microwave radomes and introduces the concept of metaradomes. The use of metamaterials can improve or correct characteristics (gain, directivity, and bandwidth) of the enclosed antenna and add new features, like band-pass frequency behavior, polarization transformations, the ability to be switched on/off, and so forth. Examples of applications of metamaterials in the design of microwave radomes available in the literature as well as potential applications, advantages, drawbacks, and still open problems are described.
Introduction
Electromagnetic metamaterials are artificial compositions of resonant particles (metallic or dielectric) in a dielectric substrate, which are designed to control interaction of electromagnetic waves with the medium in a chosen wavelength region. The particles or inclusions are typically organized in a periodic array with the size of a unit-cell much smaller than the wavelength, so the incident wave interacts with the metamaterial as with an effectively homogeneous medium. Quasi two-dimensional metamaterial structures, involving just one layer of the unit-cells, are referred to as metasheets or metasurfaces. Metasheets are closely related to frequency selective surfaces (FSS), the difference being in the size of the unit-cells, which is comparable to the wavelength in FSS [1] .
By properly choosing the shape and the size of the inclusions, the size of the unit-cells, and the substrate material, one can create metamaterials with effective electromagnetic parameters (permittivity, permeability, wave and surface impedance, etc.) that can be adjusted to almost any values, including those not encountered in nature. Metamaterials have the advantage of being tunable and tailorable, with a wide range of realizable electromagnetic properties. Such materials can be used to build antenna radomes with improved transparency and even with new features such as the property of being tunable or switchable, thus resulting in a new class of devices: metamaterial radomes or "metaradomes" [2, 3] .
"Metamaterial covers" [4] for small antennas, aiming at improvement of transmission and directivity of the covered antennas, can be seen as metaradomes as well. These covers can be polarization-dependent to change the polarization state of the antenna [5, 6] . Radomes involving FSS structures [1] are also linked to the concept of metaradome. Our focus in this paper is however on electrically large radomes in conjunction with metasheets [7, 8] .
Metamaterials find applications not only in RF and microwave engineering but also in acoustics, nanotechnology, photonics, optics, and medical engineering. The literature about the design and applications of metamaterials is 2 International Journal of Antennas and Propagation (a) (b) (c) Figure 1 : Different radome shapes: (a) cylindrical; (b) cylindrical-hemispherical; (c) spheroidal or ogival [16] .
enormous, and we do not even attempt to review it. The reader is referred to the books [9] [10] [11] [12] [13] [14] [15] . The goal of this paper is rather to present a short overview of the basic features of metamaterials which can be relevant to applications in microwave radomes, give a collection of relevant references, and introduce the concept of the metaradome, a microwave radome with improved and extended functionality, made entirely from a metamaterial or involving a thin metamaterial sheet (metasheet). The paper is organized as follows. Conventional microwave radomes are addressed in Section 2, basic features of electromagnetic metamaterials in Section 3, FSS in Section 4, metasheets in Section 5, tunable metamaterials in Section 6, and known examples of applications of metamaterials to microwave radomes in Section 7. The concept of the metaradome, advantages, and drawbacks of the use of metamaterials in radome applications are addressed in Section 8.
Microwave Radomes
The essential role of a radome is to form a protective cover between the antenna and the surroundings with minimal impact on the electrical performance of the antenna. An ideal radome should be fully transparent and lossless, that is, electrically invisible. Radomes should satisfy electrical, structural, and mechanical requirements. From the electromagnetic point of view, reflection, diffraction (at discontinuities in the radome, e.g., ribs), and absorption (in the radome material) should be accounted for when designing a radome [16] [17] [18] .
The choice of the shape and material of the radome is typically determined by the application. Radomes are often curved structures made from ceramics and composites with high values of permittivity, which may result in a degraded performance of the antenna [19, 20] . Several differently shaped curved radomes are shown in Figure 1 . In aerospace applications, the radome design must be compliant with aerodynamic requirements as well. The shape has a direct impact on the electrical characteristics of every radome.
The major parameters that characterize the radome performance are transmittance and boresight error. Transmittance is the ratio of the energy flows transported by the waves to and from the radome wall. It determines, for example, the operation range of a radar. Transmittance is a function of frequency, wall construction (thickness and material constants), incident angle, and polarization. The boresight error depends on more parameters: antenna position, the shape of the antenna aperture and the radome nose, frequency, polarization, and wall construction (sometimes with an integrated lens for phase compensation) [21] . The boresight error is caused by refraction of electromagnetic waves at the nonparallel interior and exterior sides of the radome wall with the result that a target is seen at an angularly changed, wrong position with respect to the antenna ( Figure 2 ). This effect deforms the antenna beam [22] . Thus, radomes can negatively affect the antenna performance by distorting the amplitude and phase in the main beam, bringing more sidelobes, boresight errors, and a decreased bandwidth [17] .
Metamaterials
There are various definitions of metamaterials in literature such as the following:
(i) "Materials whose permeability and permittivity derive from their structure" [23, 24] .
(ii) "Structures composed of macroscopically scattering elements" [24, 25] .
(iii) "A new class of ordered nanocomposites that exhibit exceptional properties not readily observed in nature. These properties arise from qualitatively new International Journal of Antennas and Propagation 3 response functions that are not observed in the constituent materials and result from the inclusion of artificially fabricated, extrinsic, low dimensional inhomogeneities" [24, 26] . (iv) "Macroscopic composites having a man-made, threedimensional, periodic cellular architecture designed to produce an optimized combination, not available in nature, of two or more responses to a specific excitation. Each cell contains metaparticles. The metamaterial architecture is selected to strategically recombine local quasistatic responses or to combine or isolate specific nonlocal responses" [24, 27] . (v) "Artificial periodic structures with lattice constants much smaller than the wavelength of the incident radiation" [28] .
So, a metamaterial is usually a periodic array of resonators (inclusions), placed in a substrate, with the size of the unitcells much smaller than the wavelength of the incident radiation. On the scale of the wavelength, the structure appears to be almost homogeneous with effective values of material constants: permittivity and permeability . By adjusting the parameters of the periodic structure (shape and size of the inclusions and period of the array) the effective material constants can be tailored to desired values, including those not encountered in natural materials. The use of resonant particles as the inclusions results in a frequency-dependent response (dispersion) of every metamaterial.
Most of natural materials have positive permittivity and permeability, and therefore they are referred to as "doublepositive" (DPS) media. Since the wave vector k and the power flow vector S, given by the cross product of the electric field E with the complex conjugate magnetic field H (S = (1/2)E × H * ), are always codirected, such media are also referred to as "right-handed" media [14, 15] .
Some materials have either a negative permittivity or a negative permeability. This results in a purely imaginary value of the wavenumber = √ , which implies strong attenuation of waves and makes such media unsuitable for the transmission of waves. When both and are negative, the wavenumber is negative but real valued and propagation of waves is again possible. The vectors k and E × H * are oppositely directed in this case, but E, H, and S still form a right-handed system. Such media, called "double-negative" (DNG) or "left-handed" media, do not exist in nature, but they can be created artificially [10, 14] . The diagram in Figure 3 illustrates this classification.
A great variety of resonators can be used as inclusions in designing metamaterials. Some of them, shown in Depending on the choice of inclusions, one can create isotropic, anisotropic, chiral, and bianisotropic materials. The effective permittivity and permeability may approach any desired values, for example, be negative or close to zero [13, 34, 35 ].
Frequency Selective Surfaces
Radomes require thin layers rather than bulk materials. Efficient design concepts that rely on the surface effects rather than on volumetric effects have been first developed and realized for radio waves as frequency selective surfaces (FSS) [36] .
FSS are built from many small patterned metal elements, which are of resonant size, that is, comparable to or slightly smaller than the wavelength [1] . Typical geometries of the elements are dipoles, Jerusalem crosses, and square and circular loops [37] . These elements are printed on a dielectric substrate and are similar to printed circuit boards (PCB). For changing the frequency characteristics, FSS can be mounted on a biased ferrite substrate or PIN diodes can be connected to the elements so that the structure can be made tunable or switchable [37] . Such FSS devices as transmitarrays [38] and reflectarrays [36] have become widely recognized tools in modern radio-antenna engineering. A consequence of the resonant size of the elements is however the presence of side lobes in the reflected and transmitted fields, which is a characteristic feature of FSS.
Metasurfaces and Metasheets
Quasi two-dimensional metamaterials that consist of thin layers of inclusions with the thickness much smaller than the wavelength are called metasurfaces, metasheets, or metafilms, depending on whether the layer is penetrable or not. An example of a penetrable structure is shown in Figure 6 . In contrast to FSS, the size of resonators and unit-cells in metasurfaces and metasheets is much smaller than the wavelength, which eliminates the grating lobes in the reflected and transmitted fields. Figure 5 : (a) Chiral particle; (b) omega particle [96] . At microwave frequencies, impenetrable metasurfaces are realized as a dense periodic texture of small elements printed on a grounded slab. A penetrable metasurface (called metasheet) involves a periodic planar distribution of small elements placed on a very thin host medium penetrable for electromagnetic waves [39] [40] [41] [42] .
Despite their small thickness, metasheets can fully control reflection, absorption, and transmission of electromagnetic waves (e.g., plane, surface or guided), including polarization, phase, and amplitude of the transmitted wave [35, [43] [44] [45] . As shown in literature, it is theoretically possible to design devices for almost arbitrary manipulations of plane waves, which results in such devices as self-oscillating teleportation metasheets, transmitarrays, double current sheets, and metasheets formed by only lossless components [46] .
The interaction between an incident field and the field scattered at an electrically small particle is described by electric and magnetic polarizabilities, which can be dyadics or tensors in the most general case. When particles are arranged in an array, the field illuminating a given particle consists of the incident wave and the field scattered at surrounding particles. This effect can be accounted for by effective polarizabilities that relate the incident field to the dipole moments induced on the particles in the array. Transmission and reflection coefficients are expressed in terms of the effective polarizabilities, and one can search for optimal arrays of optimal particles by imposing desirable requirements on the transmission and reflection coefficients, for example, by minimizing reflection and absorption and maximizing transmission of a given wave. To get more degrees of freedom, bianisotropic particles are needed, which is the most general type of particles, polarizable by both electric and magnetic fields and with magnetoelectric coupling [31, 47] . Chiral particles are a special case of bianisotropic particles, and bianisotropy is a combination of anisotropy with magnetoelectric coupling [48] .
In the design of metasheets capable of influencing in a desired way the propagation of an incident wave, the Huygens principle can be applied [49] . According to the Huygens principle, each point on a wave front may behave as a secondary source of spherical waves, and the sum of all secondary waves regulates the travel and the form of the wave [49, 50] .
Conventional optical lenses can be replaced with planar metasheets as shown in Figure 7 [51] . Several metasheets combined together may work as a metamaterial with a negative index of refraction. Such structures can operate as a superlens providing images with the details finer than those allowed by the diffraction limit as shown in Figure 8 [52] . Realization of a superlens is however difficult as small deviations from ideal values of material parameters may significantly distort the image, for example, [53] .
Transparent metasheets can be useful for the design of radomes since every radome must ensure high transmission and low reflection and absorption within the operation frequency band of the enclosed antennas. A suitable radome wall can be created by using a bulk metamaterial or by adding a metasheet to the existing radome from a conventional material. Metamaterial particles are embedded in a host dielectric medium, and their shape and size are adjusted so as to achieve desired values of the radome parameters [7, 8] .
Tunable Metamaterials
Reconfiguring the structural components of a metamaterial changes the effective (macroscopic) properties of the metamaterial. By doing so, it is possible to tailor metamaterials for a required purpose. This property is a remarkable attribute of metamaterials [34] . If the effective properties can be changed in real time, then the metamaterial is referred to as tunable [54] .
Tunability can be achieved in a number of ways, including (i) electrical tuning of permittivity, (ii) electrical tuning of permeability, (iii) magnetic tuning of permittivity, and (iv) magnetic tuning of permeability, as well as simultaneous tuning of both permittivity and permeability [55, 56] . These changes can be achieved by adjusting the geometry of the unit-cell, for example, size, orientation, and position of resonators, or the material of the substrate. All these changes can be applied at the same time [54] .
Another approach is the use of active lumped elements, such as non-Foster active elements [57] , micro-electromechanical systems (MEMS) [58, 59] , pin diodes [60, 61] , varactors [62] , or voltage-controlled capacitors [63] . For example, a voltage-controlled capacitance can affect the resonant frequency, so a varactor can be utilized for real-time tuning. A pin diode affects resistance. Using a non-Foster loading can influence the width of the frequency band. Liquid crystals can be inserted in unit-cells of metamaterials, and the refractive index of the substrate is tuned by applying a bias electric field which influences the orientation of liquid crystal molecules [64, 65] . FSS structures can also be combined with liquid crystals, and frequency shift can be realized with a bias voltage [66] .
Still another approach is the use of small resonators with ferroelectric insertions (e.g., barium-strontium-titanate, lead-strontium-titanate, silver-tantalate-niobate, and barium-stannate-titanate) exploiting the temperature dependence of the permittivity of the material [67, 68] .
Converting the radome wall into a tunable structure can bring great flexibility in controlling the properties of the covered antenna. For example, low-loss metasurfaces with reconfigurable reflection and partially reflective surfaces studied in [59, 69] can be used for this purpose.
Examples of Metaradomes
This section gives examples of metamaterial devices and components that can be used in the design of microwave radomes. The aim of every metaradome is to improve the electromagnetic response of the enclosed antenna and eliminate the negative effects of conventional microwave radomes (Section 2). Table 1 summarizes the characteristic features of the designs.
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International Journal of Antennas and Propagation Figure 8 : The operation of a superlens. Propagating and evanescent fields from the source go through a planar slab of negative-index material to form an image of the source. The image includes details finer than the wavelength, which cannot be realized by positive-index lenses [52] . Table 1 : The list of the characteristic features of the metaradome designs described in Section 7.
Design
Characteristic features
(1) PV cells as a metamaterial layer, dual band (lower band: 70 MHz bandwidth around 1185 MHz, upper band: 3400-3600 MHz), high gain (17.3 and 6.6 dBi at 3.5 and 1.23 GHz, resp.) [70] (2) Omega and reversed-omega elements in the unit cell, improved transmission between 13 and 17 GHz [72] (3) DPS and DNG media, gain increase to 6 dBi, beamwidth reduction by 37.5% [73] (4) Highly transparent at normal incidence, reduced reflection at oblique incidence, no phase change upon transmission [74] (5) Gain enhancement through 9 subwavelength holes by about 3.4 dB [75] (6) A 4-dB improvement in radiation pattern for blind spot angle, wide-angle impedance matching, blind spot mitigation [3] (7) DPS and DNG layers, gain increase by 3.45 dB, increase in the directivity by 2.9 dB, bandwidth improvement [78] (8) Refractive index smaller than unity, CP antenna, 3-dB improvement of the gain, increase of the bandwidth [79] (9) Heat-resistant structure, stable transmission at different incident angles, bandwidth increase from 10 GHz to 12 GHz by changing the size of unit cells [80] (10) Uniaxial medium with large permittivity along the anisotropy axis, operation on the near field, TM polarization transparent, broader radiation pattern, nearly eliminated interference within the cavity [81] (11) Polarization-and frequency-selective metasheets in X and Ka bands [82] (12) Disc-shaped electrically large metasheet, a hybrid approach (PO/FEM) to calculation of transmission [8] 
Nonreciprocal ferrite structure, improved isolation, 21-dB difference between S12 and S21 at 8 GHz, transmission along one direction and attenuation along the opposite direction [85] 7.1. Passive Metaradome Designs. In the first 12 examples, passive metamaterials are used in the design of the radomes. They are passive in the sense that active lumped elements, which are described in Section 6, are not utilized. In the examples below, mainly the type of unit-cells and the number of layers are modified. The choice of the particles plays an important role in shaping the electromagnetic response of the structures. The particles are combinations of electrically small metal wires and rings which interact with the incident wave as electric and magnetic resonant dipoles, respectively. Introducing gaps in the ring part of the particle (split-ring resonators and omega particles) results in a particle which combines the inductive and capacitive behavior, and this is a way of influencing the resonant frequency of the structure. The effective permittivity and permeability of the substrate are changed according to the shape of the particles. Thus, International Journal of Antennas and Propagation 7 by adjusting the geometry and size of the particles the resonance frequency can be controlled and the passband can be expanded.
The following examples are taken from the current, available studies of the use of metamaterials in the design of microwave radomes. In each example, a different electromagnetic parameter such as gain, transmission, resonance frequency, band width, and multiband feature is improved by tailoring the geometry, size, material, and position of the particles. Because of the ease of numerical simulations, planar radomes are mostly studied in the literature.
(1) A panel of photovoltaic (PV) cells can be used as a metamaterial layer with a dual operation band [70] .
The PV panel is used as a subwavelength selective periodic structure. In the first band, it behaves like a transparent sheet. In the second band, it behaves as a semitransparent sheet to ensure a high antenna gain. The structure is inspired by the concept of metamaterial Fabry-Pérot resonator [71] .
(2) Differently positioned omega particles such as combinations of two or four omega and reversed-omega elements in the unit-cell can be used to design planar metamaterial radomes with an advanced performance. The omega-shaped particle is a bianisotropic particle. In this design, for eliminating this intrinsic bianisotropy, reverse-omega particles are combined with omega particles. The design described in [72] is characterized by good transmission between 13 and 17 GHz.
(3) Another design involving S-shaped particles is suggested in [73] to improve the antenna gain at a frequency around 5 GHz (Figure 9 ). Multilayered models, which include two materials with negative and positive refraction indices, are used.
(4) Combining a conventional dielectric material, which is always right-handed, with a left-handed metamaterial can increase the transmittance. The metamaterial helps to compensate the phase change as a wave propagates within the structure, implying reflection and transmission without the phase changes [74] .
(5) For modifying the antenna pattern and improving the antenna gain, a subwavelength hole in the middle of a Jerusalem-cross structure as shown in Figure 10 can be used. The structure, called "a gain enhanced antenna radome," concentrates electromagnetic fields and can change the antenna performance. The structure can play an important role in wireless communication [75] .
(6) A metaradome can be designed to improve the response of a phased-array antenna at a blind condition. The blind direction of antenna arrays is the result of interaction between the Bloch array eigenmodes and the propagating surface waves or leaky waves [76] . The blind spot causes a failure of sending and receiving signals in that space angle region [76] . The scan blindness is also discussed in [77] .
A metaradome has been designed as a wide-angle impedance matching slab in [3] to alleviate this problem. (7) In [78] , a radome with an operation frequency around 2 GHz is designed with different layers of positive refractive index materials and an SRR-based negative permeability metamaterial. By adjusting the electrical and geometrical parameters, the gain, the bandwidth, and the directivity can be improved.
(8) Many communication systems operate in the circular polarization mode. The advantage of circular polarization (CP) is that it eliminates the need to continuously align the two slits of the apertures; otherwise, the power of the system has to be increased. Cross-S-shaped inclusions can be used for CP antennas. For example, a design described in [79] involves the cross-S-shaped inclusions printed on an FR4 substrate with the size of the unit-cell 18 mm × 18 mm to create a metamaterial structure with an effective index of refraction, which is positive but smaller than unity and close to zero between 3.3 GHz and 3.7 GHz. According to the Snell law, rays leave such a slab almost normally to its surface. As a result, antenna gain and bandwidth have been improved.
(9) A structure suitable for high temperatures is described in [80] . It consists of an Ag (silver) microstructure pressed between two layers of quartz glass. The transmission can be controlled by changing the geometry of the Ag grid and the size of the unit-cells.
(10) A layer of a uniaxial medium with very large permittivity along the anisotropy axis can be used to transmit both propagating and evanescent spatial harmonics of the source onto the outer interface of an antenna to eliminate the effects of diffraction. Such a medium can be realized as a block of metal wire media embedded in a dielectric material and used as a radome [81] .
(11) A simple prototype of a polarization-and frequencyselective metaradome is described in [82] . The structure consists of a periodic array of copper strips printed on top of a 2 mm thick layer of the FR4 epoxy ( Figure 11 ). The structure blocks the transmission of fields polarized along the strips in a particular frequency range. By changing the dimension of the strips and the size of the unit-cells the operation frequency range can be changed. Two designs have been manufactured and measured, one for the X band ( Figure 12 ) and another for the Ka band ( Figure 13 ). For the Xband structure, the length of wire is 8.21 mm, the width of strip is 2 mm, and the unit-cell size is 14 mm. For Ka band, the dimensions of strips and unit-cells are smaller by the factor 3.48. The slight disagreement between the simulation and measurement is due to the fact that simulations assume an infinite planar periodic structure, whereas the manufactured plates are finite. Figure 9 : (a) Unit-cell structure; (b) structure for simulation [73] . (12) Calculation of transmission through metasheets of finite size is difficult because the assumption of periodicity of the structure is not applicable. Full-wave numerical simulations of such structures are limited to structures of several wavelengths in size. A hybrid approach combining Physical Optics (PO) approximation with transmission coefficients obtained from full-wave calculation for an infinite planar periodic structure is proposed in [8] . The unit-cells should be sufficiently small to justify the use of homogenized transmission coefficients. To estimate the accuracy of the hybrid approach, a circular metasheet consisting of copper rings on the FR4 substrate ( Figure 14) was used as a test configuration. The diameter of the disc (160 mm) and the wavelength (30 mm) are such that the full-wave simulation is still possible and the structure is sufficiently large in order the PO method to apply. There is a good match of full-wave simulation and PO calculation (Figure 15 ).
Metaradome Designs Involving Active/Lumped Elements.
In the next two examples, active metamaterials are used in the design of the radome surface. Active metamaterials mean that active lumped elements or ferrite insertions (Section 6) are included in the designs to control the electromagnetic response. An active element, varactor, is used in example (13) .
The ferrite is used in example (14) . The use of ferrite insertions may lead to a nonreciprocal radome. Both examples show metaradomes that can be externally controlled.
(13) A metasheet with tunable refractive index can be realized by using varactors in the resonant cells of the metamaterial (Figure 16 ). The varactor with applied DC voltage behaves as an adjustable capacitor, which can be used to control the effective refractive index by changing the resonance frequency. Such a radome can control the phase of the transmitted wave by applying different DC voltages to different zones of the metamaterial slab since the phase shift depends on the bias voltage [83] . microwave devices that need strong coupling to electromagnetic signals and nonreciprocal behavior [84] .
In the design described in [85] , highly conductive strip gratings are adjusted on each side of a ferrite layer. The strips behave as microwave polarizer. The direction of the polarization rotation depends on the direction of the applied bias field.
Metaradomes: Pros and Cons, Potential Applications
Metamaterials and particularly their quasi two-dimensional versions, metasheets, promise many important applications in conjunction with microwave radomes. A metasheet with tailored transmission, absorption, and reflection properties can be mounted on the wall of a radome to bring additional features and benefits such as correction of phase distortions, reduction of transmission losses, shaping the frequency dependence of the transmission, and making the radome tunable, including the ability of being switched on/off. Implementation of the concept may result in multiband radomes with reconfigurable frequency pass bands, on/off modes, enhanced out-of-band rejection and eventually in an enhanced antenna gain. The problems to be solved are as follows:
(i) Most of the available realizations of metaradomes are planar, partly because of the relative ease of simulation (as infinite periodic structures) and partly due to the ease of manufacturing. Simulation of bounded and/or curved metamaterial structures is a difficult calculation problem because of the need to sample extremely fine subwavelength inclusions distributed over an electrically large area without the periodicity assumption. Simulation of curved metasurfaces is an open problem and a future research field. A possible approach is addressed in [8] .
(ii) The limited bandwidth, which is due to the resonance behavior of the individual inclusions, is an inherent feature of metamaterials. A number of recent studies are devoted to the extension of the bandwidth of metamaterial absorbers but little is known about extending the bandwidth of transparent structures. It should be noted however that a narrow bandwidth is not necessarily a negative situation because narrowband systems are as necessary as wide-band systems in communication networks. For example, narrowband systems help to have the cost-effective wireless networking for large outdoor environments such as seaports and rail yards, where simple data transactions are required [86] .
Metaradome designs should be developed and adjusted to different application areas such as maritime, telecom, radar, aerospace, and automotive applications [87] . Metaradomes may help in shaping the directivity of antennas. Directional antennas are used in wireless networks [88] , and the use of metamaterials in the antenna design is described in [88, 89] . Another application is cognitive radio. Such a radio automatically detects available channels in a frequency spectrum and accordingly changes its transmission or reception parameters to have an optimum communication bandwidth within a defined spectral region. Such a software-defined radio platform should convert into a completely reconfigurable wireless system that automatically alters its communication variables according to network and demand of user [90] . For this propose, there are studies to design suitable reconfigurable antennas [91] [92] [93] .
Conclusion
The potential of metamaterials for improving the performance of microwave radomes has been outlined, and the concept of a metaradome has been presented. Several examples of the use of metamaterials in the design of radomes have been given. The examples discussed here are by no means the only examples possible.
The application of metamaterials to microwave radomes is a new research field which is open for further analysis and development. Potential applications are diverse and promising. Much more work is still needed in the understanding, analysis, design, and fabrication of both metamaterials and metasheets for radomes.
